ABSTRACT: We present a phototriggerable system that allows for the spatiotemporal controlled attachment of selected cell types to a biomaterial using immobilized antibodies that specifically target individual cell phenotypes. o-Nitrobenzyl caged biotin was used to functionalize chitosan membranes and mediate site-specific coupling of streptavidin and biotinylated antibodies after light activation. The ability of this system to capture and immobilize specific cells on a surface was tested using endothelial-specific biotinylated antibodies and nonspecific ones as controls. Homogeneous patterned monolayers of human umbilical vein endothelial cells were obtained on CD31-functionalized surfaces. This is a simple and generic approach that is applicable to other ligands, materials, and cell types and shows the flexibility of caged ligands to trigger and control the interaction between cells and biomaterials.
■ INTRODUCTION
Cell micropatterns are useful tools for in vitro cell studies and allow high-throughput analysis in biomedical research, including drug screening and tissue engineering. 1−3 Various microfabrication techniques have been explored for patterning cells on surfaces, including microchannels, 4−6 microcontact printing, 7, 8 and photolithography. 9−11 Typically, these methods generate microregions with different hydrophilicities 12, 13 or chemical reactivities on a substrate which might be further functionalized to promote cell attachment.
Cells have also been patterned by using photosensitive layers containing photoactivatable surface-coupling agents 14, 15 or photoactivatable cell adhesion ligands. 16−18 Light is an attractive stimulus because it can be precisely manipulated in time and space. There are a variety of light-induced reactions by which the chemical function can be modulated. 19−22 Among them, photoremovable protecting groups (PRPG) are particularly interesting candidates for achieving light-based remote control of the chemical properties of a substrate. A PRPG is a chromophore that can be covalently attached to an organic functionality and inactivates its reactivity. 23, 24 Upon light exposure, the covalent bond is photocleavaged and the reactivity is restored. When PPRG is incorporated into functional groups on biomaterials, light control of biofunctionalization is achieved. 22, 25 Among various classes of photocages, the o-nitrobenzyl moiety and its derivatives are the most commonly used ones for biological applications and surface patterning. 20−22,26−31 A common strategy for immobilizing biomolecules onto surfaces is by taking advantage of the strong interaction between streptavidin (SaV) and biotin, which form a highaffinity complex. 32−34 A photoactivatable biotin derivative (caged biotin) based on nitrobenzyl photochemistry has been previously described and used for the covalent derivatization of aminopropylsilanized glass or polystyrene surfaces. 35−39 Here we explore the use of o-nitrobenzyl caged biotin to modify a biopolymer (chitosan) and mediate the site-specific coupling of SaV and biotinylated molecules after light activation. We focus our studies on the attachment of biotinylated antibodies that address individual cell phenotypes and explore the potential of this approach for their specific capture and attachment. The ability to control the locations of specific cell types on a surface offers interesting opportunities for biomedical applications and diagnostics.
■ EXPERIMENTAL SECTION
Synthesis of Caged Biotin. Methylnitropiperonyloxycarbonylbiotin was synthesized by adapting a previously reported protocol. 36, 40 See the Supporting Information for details.
Chitosan Film Preparation. Chitosan (Sigma-Aldrich, product no. 448877, medium molecular weight, 75−85% deacetylated) was dissolved in a 2% v/v aqueous acetic acid solution to a final concentration of 1% (w/v). The solution was degassed under vacuum in a desiccator for 10 min to remove bubbles from stirring. This solution (150 μL) was cast onto glass coverslips (13 mm in diameter) and dried for 48 h at room temperature. Subsequently, films were neutralized with 0.1 M NaOH for 10 min and washed with water before use. This solution (150 μL) was dropped on the chitosan film and incubated for 3 h. After that time, the chitosan film was washed with EtOH and Mili-Q water and dried gently in a stream of nitrogen.
UV−Vis Spectrometry of Caged-Biotin-Functionalized Films. UV spectra (on a Varian Cary 4000 UV−vis spectrometer) of chitosan films cast on quartz substrates and modified with caged biotin were recorded before and after irradiation using an LED (LTPR36 from Opto Engineering, 1.35 mW cm −2 , 365 nm) for uncaging. UV spectra were recorded on a Varian Cary 4000 UV−vis spectrometer (Varian Inc., Palo Alto, CA) for qualitative analysis of the immobilization process.
Generation of Surface Patterns. Patterns with uncaged and caged-biotin sites were obtained by light irradiation of chitosanmodified films using an LED (M365L2, Thorlabs, 1.2 mW cm −2 , 365 nm) for 7 min through a gold/chrome mask with 100 μm stripes spaced 200 μm apart and 10 × 10 μm 2 squares. Substrates were rinsed with THF and Milli-Q water to remove photolysis products from the surface layer. The patterned biotin substrates were incubated for 30 min with Cy5-labeled SaV (eBioscience, 10 μL/mL) or DyLight 488 SaV (Biolegend, 5 μL/mL) in PBS, followed by washing in PBS. The surface patterns were imaged using a fluorescence microscope (Olympus Fluoview FV300).
The antibody patterns were obtained by incubating masked, exposed caged-biotin substrates in purified SaV (10μg/mL) for 90 min, washing with PBS, and finally incubating with antihuman CD31-Biotin (eBioscience) (5 μg/mL). As a control for the nonspecific binding of the biotinylated antibody, a set of samples was not incubated with SaV, i.e., the irradiation step was followed by a washing step and finally samples were incubated with antihuman CD31-Biotin (eBioscience, 5 μg/mL). All samples were then incubated with Alexa Fluor 488-antimouse IgG (2.5 μg/mL) (Molecular Probes) for 5 min.
The surface patterns were imaged using a confocal laser scanning microscope (Olympus Fluoview FV300).
Cell Experiments. Human umbilical vein endothelial cells (HUVECs) were maintained in M-199 medium (Sigma, USA) supplemented with sodium bicarbonate, 1% antibiotic/antimycotic, 20% FBS, 0.34% glutamax (Gibco), 50 μg/mL endothelial cell growth supplement (ECGS, BD Biosciences), and 50 μg/mL heparin (Sigma).
Biotin-modified surfaces after masked irradiation were sterilized in 70% ethanol and washed extensively with sterile PBS before cell culturing. The irradiated substrates were incubated with SaV (10 μg/ mL) for 30 min, washed with PBS, and incubated with biotinylated antihuman CD31 and antihuman CD90 (eBioscience). Cells were seeded onto the surfaces at a density of 5 × 10 4 cells/cm 2 . Phase contrast microscope images were obtained by phase contrast (Zeiss, Axiovert 40). At specific time points, samples were fixed with formalin, incubated with phalloidin−tetramethylrhodamine B isothiocyanate (Sigma) for 45 min to visualize the cytoskeletal filaments, and incubated with DAPI (4,6-diamidino-2-phenylindole, dilactate;, Invitrogen) for 5 min to visualize the nucleus.
Representative fluorescent images were acquired using the Axioplan Imager Z1 fluorescence microscope (Zeiss, Axio Imager Z1m) using laser lines 405 and 594 for DAPI and phalloidin, respectively.
■ RESULTS AND DISCUSSION
Functionalization and Photochemical Activation of the Surface. Caged biotin consists of a biotin molecule modified with two methylnitropiperonyloxycarbonyl photoremovable protecting groups at the N-1′-and N-3′ positions that inactivate binding to SaV. 35−37 The free carboxylic group of caged biotin was used to attach it to the amine groups of chitosan films using EDC/NHS activation ( Figure 1A) . The coupling of the caged biotin to the surface was proven by UV spectroscopy. Figure 1B shows the UV spectra of the cagedbiotin-modified chitosan film. The absorbance maximum at around 350 nm confirmed the presence of the methylnitropiperonyloxycarbonyl chromophore. The photolysis mechanism of o-nitrobenzyl derivatives has been extensively studied and reported, and the expected photoproducts are represented in Figure 1B . 20−22,41−43 The photolysis of the chromophore in the caged-biotin-functionalized film was investigated by UV spectroscopy. A clear decrease in the absorbance of λ max ≈ 350 nm and an increase in absorbance at longer wavelengths with increasing light exposure time were observed. These changes have been associated with the appearance of the nitroso photoproduct and confirm that photolysis has taken place. 20, 21 Protein and Antibody Micropatterns. In order to test the functionality of the chitosan-immobilized biotin after uncaging, caged-biotin-modified chitosan films were irradiated through a mask containing quartz/chrome microfeatures. In the exposed areas, the caged biotin is expected to be uncaged (i.e., activated). In the nonexposed areas, caged biotin is expected to retain its latent functionality. In a subsequent coupling step with fluorescently labeled SaV (Cy5-SaV or DyLight 488 -SaV), we tested the site-selective attachment of the protein to the uncaged regions. Figure 2A ,C shows the fluorescence images of the chitosan films on substrates previously irradiated through a mask with chrome stripes of 100 μm spaced by 200 μm and squares of 10 × 10 μm 2 , respectively. Fluorescence imaging of the surfaces showed that only the exposed areas (uncaged biotin) become bright due to the coupling of labeled SaV. This result demonstrates the bioactivity of the uncaged biotin and the validity of this approach for patterning protein layers. The fluorescence intensity profiles ( Figure 2B ,D) evidenced high contrast between the exposed and nonexposed regions, indicating high selectivity of the protein coupling. Within the exposed areas, the fluorescence was less homogeneous than expected. This is attributed to the roughness of the chitosan film that results from the film processing steps (casting and neutralization). This issue can be improved using other types of hydrogels that allow more homogeneous film preparation by spin coating.
We further checked if this approach could be used to immobilize more than one protein type on different sites of the same substrate after a sequence of light exposure and incubation steps ( Figure 2E ). Biotin-functionalized chitosan films were irradiated through a stripped pattern (100 μm stripes spaced 200 μm apart) and then incubated with Cy5-labeled SaV. In a second patterning step, the photomask was rotated 90°, and the sample was irradiated again and then incubated with DyLight 488 SaV. Well-defined patterns with two different colors were obtained, indicating efficient and preferential SaV binding to the uncaged biotin units at the exposed surfaces. The pattern obtained at the second incubation step (green lines, Figure 2E ) showed a lower contrast than the pattern obtained after the first light exposure and incubation steps (expected red lines became orange due to the presence of a green fluorophore). This is a sign of the nonspecific interaction of the fluorescent molecules with the biotinylated chitosan, which can be attributed to a partial loss of the protein-repelling properties of chitosan with increasing washing/coupling steps.
These results demonstrate the sequential light-triggered release of the protecting group from caged biotin and the generation of functional biotin at the surface for SaV binding with spatial and temporal resolution. Spatial control of the light-activation step is transferred from the photoactivatable biotin patterns to the SaV immobilization.
We next tested if this approach could be applied to the controlled immobilization of biotinylated antibodies on the patterned SaV layer. SaV patterns were incubated with biotinylated antibody CD31, a 130-kDa membrane-spanning glycoprotein that is part of the panel of endothelial-cellassociated markers. 44, 45 To visualize the conjugation of CD31 to the surface, a second incubation step with secondary Figure 3A) , demonstrating the site selective and functional immobilization of CD31 antibody mediated by the uncaged biotin-SaV patterns, whereas no fluorescence was detected on the negative control ( Figure 3B ), i.e., surfaces not incubated with SaV.
Cell Micropatterns via Recognition of Surface-Immobilized Antibodies on Caged-Biotin Patterns. The obtained antibody patterns were used to isolate and recruit specific cell types in patterned areas. For this purpose, masked irradiated caged-biotin-functionalized chitosan films were incubated with purified SaV followed by an incubation step with biotinylated antibody CD31. Patterned stripes of 100 μm width functionalized with CD31 and separated by 200 μm regions of caged biotin were obtained. CD31 is an endothelial cell-associated marker that can be used to selectively target endothelial cells. Surfaces functionalized with the CD90 antibody were also prepared as negative controls. CD90 is a glycosylphosphatidylinositol-anchored glycoprotein that is highly expressed in many cell types such as neurons, thymocytes, fibroblasts, or mesenchymal stem cells but not expressed on the surface of nonactivated endothelial cells. 46 Primary endothelial cells (HUVECs) were seeded on antihuman CD31-or antihuman CD90-functionalized surfaces and on plain chitosan as controls. Cells were attached to the CD31-functionalized areas after 1 h of incubation in a highly selective manner, revealing the stripes of the underlying CD31 pattern (Figure 4) . The pattern was clearly visible after 4 h of incubation, and cells remained confined to the areas functionalized with the specific antibody (Figure 4 ). Endothelial cells did not attach to plain chitosan or chitosan functionalized with CD90, indicating that the attachment was mediated only by the recognition of immobilized antihuman CD31. The fluorescence analysis of the attached cells showed spreading and alignment of the cell membrane along the edge of the micropattern (Figure 4) . It is important to note that caged biotin has been applied to obtain protein patterns in earlier studies. 35 −37 Here we demonstrate that this approach can be further extended to pattern biotinylated antibodies via SaV on a biopolymeric surface and apply it for selective cell attachment.
■ CONCLUSIONS
Chitosan surfaces chemically modified with caged biotin allow light-driven patterning of antibodies to recruit and attach specific cell types at predefined positions on a surface. In contrast to photosensitive derivatives of RGD cell-adhesive peptide, which is typically used to obtain cell patterns, lighttriggered cell attachment using antibodies allows specific targeting of phenotypes. This is an important issue for implantable materials, where the recruitment of specific cell types from surrounding tissues in vivo is crucial to the regeneration process. It is also important in coculture systems, where different cell types from a mixed cell population need to be recruited to selected areas, and this might be achieved by the recognition of a preimmobilized specific antibody. The versatility of this method allows functionalization with any biotinylated molecule as antibodies, growth factors, or peptides of interest. 
